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Primary motor cortex and cerebellum are coupled with the kinematics of observed hand movements ☆ Introduction A large part of human social interaction relies on the individuals' ability to infer others' intentions on the basis of nonverbal cues, such as postures and gestures (for a review, see Hari and Kujala, 2009) . Action observation may lead to unconscious "mirroring" of the other person's actions and intentions because some neuronal circuitries are activated during both action execution and observation, be it by seeing or hearing (for reviews, see Rizzolatti and Craighero, 2004; Rizzolatti and Sinigaglia, 2010) . Motor "mirror neurons" (MNs) bridging action perception and execution were first described in the ventral premotor cortex (VPC) of macaque monkey (di Pellegrino et al., 1992; Fogassi et al., 2005; Gallese et al., 1996; Rizzolatti et al., 1996) . Since then, non-invasive functional neuroimaging studies have implied the existence of human mirroring systems comprising networks of cortical areas (for reviews see Hari and Kujala, 2009; Keysers and Gazzola, 2010; Rizzolatti and Craighero, 2004; Rizzolatti and Sinigaglia, 2010) .
These circuitries are also referred to as the action-observation network (AON) (for a review, see Kilner, 2011) . Motor actions can be described at multiple non-independent and hierarchically organized levels from the motor unit, muscle, and kinematic levels to more abstract features, such as the goals and intentions of actions (Grafton and Hamilton, 2007; Hamilton and Grafton, 2008; . Indeed, although the goals of an observed action can be inferred from the muscle and kinematic signals, action intentions are difficult, although in some cases still possible (Becchio et al., 2012) , to be disambiguated on the basis of the kinematics only. AON nodes seem to be differentially recruited for low (muscle and kinematic) and high (goals and intentions) representation levels of observed motor actions, the ventral AON (superior temporal sulcus, ventral premotor cortex) being involved in high representation levels (Grafton and Hamilton, 2007; Hamilton and Grafton, 2008; .
To find out in which detail and in which parts of the viewer's brain the kinematics of observed hand actions is processed in a time-locked manner, we computed corticokinematic coherence (CKC) between the viewer's MEG signals and the kinematics of the actor's repetitive, non-goal directed hand movements. Initially, the CKC method was introduced to address the coupling between MEG signals and the kinematics of the subject's own hand movements (Bourguignon et al., 2011 (Bourguignon et al., , 2012 , resulting in CKC both at the movement frequency and its first harmonic, with the main sources at the M1 cortex contralateral to the moving hand.
Materials and methods

Subjects
Ten healthy subjects (range 21-38 years; mean age 25 years; 5 females and 5 males) without any history of neuropsychiatric disease or movement disorders were studied. All subjects were right-handed according to Edinburgh handedness inventory (Oldfield, 1971) ; the mean score was 89.5 (range 68-100). The study was approved by the ULB-Hôpital Erasme Ethics Committee. Subjects participated after informed consent. The measurements were carried out at the ULBHôpital Erasme, Brussels, Belgium.
Experimental paradigm
The experiment comprised observation (OBS) and rest (REST) conditions. During OBS, subjects were asked to observe movements of the experimenter's (XDT) right pronated hand, positioned along the axis of the observer's right upper limb (Fig. 1 ). Subjects were explicitly asked to relax, not move and avoid any muscle contraction potentially associated with movement observation. The experimenter made self-paced repetitive flexion-extension movements with right-hand fingers at about 3 Hz, for three periods of 1 min each, separated by pauses of 1 min. The thumb did not touch the other fingers at any stage of the movement. The task was identical to that used in our previous study where we investigated the neuronal network coherent with the kinematics of self-executed repetitive hand movements (Bourguignon et al., 2012) . The subjects wore earplugs to avoid any auditory noise associated with the experimenter's hand movements.
During the REST condition, subjects were asked to fixate the gaze at a point on the wall of the magnetically shielded room for 5 min, and try to reduce blinks and saccades to the minimum.
Data acquisition
Neuromagnetic signals were recorded with a whole-scalp-covering neuromagnetometer in a magnetically shielded room (Vectorview & Maxshield™; Elekta Oy, Helsinki, Finland) . Head position inside the MEG helmet was continuously monitored using four head tracking coils. The locations of the coils with respect to anatomical fiducials were determined with an electromagnetic tracker (Fastrak, Polhemus, Colchester, VT, USA). The position of the experimenter's right index finger was continuously monitored with a 3-axis accelerometer (ADXL330 iMEMS Accelerometer, Analog Devices, Inc., Norwood, MA, USA). Time-locked MEG and accelerometer signals were filtered through 0.1-330 Hz and DC-330 Hz, respectively, and sampled at 1 kHz. Highresolution 3D-T1 cerebral magnetic resonance images (MRI) were acquired on a 1.5-tesla MRI scan (Intera, Philips, The Netherlands).
Data preprocessing
Continuous MEG data were first preprocessed off-line using the signal space separation method (Taulu et al., 2005) to suppress external interferences and to correct for head movements. To perform frequency and coherence analyses, continuous OBS data obtained during handmovement observation were split into 2048-ms epochs with 1638-ms epoch overlap, leading to a frequency resolution of~0.5 Hz (Bortel and Sovka, 2007; Bourguignon et al., 2011 Bourguignon et al., , 2012 . MEG epochs exceeding 3 pT (magnetometers) or 0.7 pT/cm (gradiometers) were excluded from further analysis to avoid contamination of our data by eye movements, muscle activity, and artifacts in the MEG sensors (Bourguignon et al., 2011 (Bourguignon et al., , 2012 . These steps led to more than 360 artifact-free epochs of MEG and accelerometer signals for each subject. The acceleration corresponding to each epoch was computed at every sample as the Euclidian norm of the three band-passed (1-200 Hz) accelerometer channels (Bourguignon et al., 2011 (Bourguignon et al., , 2012 .
Coherence analyses
Coherence is an extension of Pearson correlation coefficient to frequency domain, and it determines the degree of coupling between two signals x(t) and y(t), providing a number between 0 (no linear dependency) and 1 (perfect linear dependency) for each frequency (Halliday et al., 1995) . Let X k (f) and Y k (f) be the Fourier transform of the k th segment of x(t) and y(t). By defining K being the number of averaged epochs, the coherence can be written as
Coherence spectra were computed using Eq. (2) between Acc and sensor-level MEG signals. Frequencies showing significant coherence (see "Statistical analysis" section) in all subjects were applied for coherence source analyses that require the computation of the cross-spectral density matrix between all possible combinations of MEG and Acc signals at these frequencies (Bourguignon et al., 2012) .
Source analysis
Individual MRIs were first segmented using Freesurfer software (Martinos Center for Biomedical Imaging, Massachusetts, USA). Then, the MEG forward model was computed for two orthogonal tangential current dipoles placed on a homogeneous 5-mm grid source space that covered the whole brain (MNE suite; Martinos Center for Biomedical Imaging, Massachusetts, USA). Coherence maps at the frequencies of interest were finally produced within the computed source space using the Dynamic Imaging of Coherent Sources (DICS) approach with minimum variance beamformer (Bourguignon et al., 2012; Gross et al., 2001 ). Both planar gradiometers and magnetometers were used for inverse modeling after dividing each sensor signal by its noise variance. The noise variance was estimated from the continuous REST MEG data band-passed through 1-195 Hz, for each sensor separately.
Group-level analyses
A non-linear transformation from individual MRIs to the standard Montreal Neurological Institute (MNI) brain was first computed using the spatial-normalization algorithm implemented in Statistical Parametric Mapping (SPM8, Wellcome Department of Cognitive Neurology, London, UK) and then applied to individual MRIs and coherence maps. This procedure generated a normalized coherence map in the MNI space for each subject and frequency of interest (Bourguignon et al., 2012) . To produce OBS coherence maps at the group level for each frequency of interest, we computed the generalized f-mean of individual normalized maps, according to f
, namely the Fisher z-transform of the square root (Bourguignon et al., 2012) . This procedure transforms the noise on the coherence into an approximately normally distributed noise (Rosenberg et al., 1989) . Therefore, the computed coherence is an unbiased estimation of the mean coherence at the group level. In addition, this f-mean lessens the relative contribution of subjects characterized by high coherence values to the group analysis (Bourguignon et al., 2012) .
Local coherence maxima were subsequently identified in the grouplevel coherence maps obtained for each frequency of interest. The local coherence maxima considered in this study are sets of contiguous voxels displaying higher coherence values than all other neighboring voxels. Only local coherence maxima with statistically significant coherence values were reported and considered to be involved in the neural processing of observed movement kinematics.
Finally, for each subject and frequency of interest, coupling between all pairs of local coherence maxima (cortico-cortical coherence) in OBS condition was assessed with coherence index. Group-level coupling was defined as the f-mean coherence index across subjects.
Statistical analyses CKC at sensor level
Coherence values at the sensor level (maximal value across all sensors) were assessed under the hypothesis of linear independence at each frequency of interest, taking into account the use of overlapping epochs (Bourguignon et al., 2011; Halliday et al., 1995) . Coherence values at the sensor level were considered statistically significant at p b 0.05.
CKC at source level
The statistical significance of the local coherence maxima identified in group-level coherence maps was assessed with non-parametric permutation test. First, subject-and group-level REST coherence maps at the frequencies of interest were computed with REST MEG signals and OBS acceleration signals. Group-level difference maps were obtained by subtracting f-transformed OBS and REST group-level coherence maps for each frequency of interest. Under the null hypothesis that coherence maps are the same whatever the experimental condition, the labeling OBS or REST is exchangeable prior to difference map computation (Nichols and Holmes, 2002) . To reject this hypothesis and to compute a significance threshold for the correctly-labeled difference map, the sample distribution of the maximum of the difference map's absolute value was computed from the exhaustive permutation set. The threshold at p b 0.05 was computed as the 95-percentile of the sample distribution (Nichols and Holmes, 2002) . All supra-threshold local coherence maxima were interpreted as indicative of brain regions showing statistically significant coherence with the kinematics of the observed hand movements. As the permutation test may be too conservative (type II error) for voxels other than those with high coherence level (Nichols and Holmes, 2002) , this permutation test was repeated within regions of interest (ROIs) consisting of a 3-cm-radius sphere centered on MNI coordinates taken from the literature for nonsignificant local coherence maxima located in an anatomical region belonging to the AON and M1 cortices (superior temporal sulci [±52 (Bourguignon et al., 2012; Gazzola and Keysers, 2009; Hari et al., 1998; Nishitani and Hari, 2002) .
Cortico-cortical coherence
Statistical significance of the group-level coupling parameter derived from the coherence index was assessed separately for each pair of local coherence maxima using a non-parametric permutation test similar to the one described above. First coupling was assessed in REST condition. Then, under the null hypothesis that coupling between a pair of local coherence maxima is the same whatever the experimental condition, the labeling OBS or REST is exchangeable prior to coupling-parameter computation (Nichols and Holmes, 2002) . To evaluate the significance of this coupling parameter, its sample distribution was first evaluated from the exhaustive permutation set. The threshold at p b 0.05 was then defined as the 95-percentile of the sample distribution (Nichols and Holmes, 2002) . Pairs of local maxima showing supra-threshold coupling were interpreted as being more coupled in the OBS than the REST condition.
Results
Acceleration and coherence spectra
The experimenter's movement frequency ranged from 2.9 to 4.4 Hz between the sessions (mean ± sd 3.7 ± 0.6 Hz). Fig. 1C shows that the experimenter's Acc and the observer's MEG signals displayed phase-locked rhythmic activity giving rise to significant MEG-Acc coherence. At the sensor level, statistically significant (p b 0.0001) coherence was found between the experimenter's accelerometer signals and the observers' MEG signals at the movement frequency (F0, range 0.20-0.62) and its first harmonic (F1, range 0.12-0.50). In all subjects, coherence was strongest at posterior MEG sensors and weaker but still statistically significant at rolandic MEG sensors (right > left), see Fig. 2 . Fig. 3 illustrates the coherence maxima, isolated using tailored coherence thresholds, on MRI sections of the MNI brain. Fig. 4 illustrates the coherence map at F0 overlaid on the MNI template. The left map on the surface rendering is thresholded at the level of statistical significance. The two coronal slices and the two right surface renderings are thresholded using an adaptive threshold to better illustrate local maxima in the cerebellum and M1 cortices.
Coherent brain areas
At F0, the coherence was strongest in clearly separated visual and cerebellar local coherence maxima that were found in the right V3 
Discussion
We demonstrated that the observer's neuronal activity within the M1 cortices and cerebellum couples, at the movement frequency, with the kinematics of observed natural, repetitive, and non-goal directed hand movements.
Coherence in the primary motor cortex
Local coherence maxima clearly distinct from coherent visual areas were found at the M1 cortex bilaterally. Previous CKC studies have shown that the main coherence between the MEG signals and the kinematics of the subject's own hand movements involves the contralateral and to a lesser degree the ipsilateral M1 cortex (Bourguignon et al., 2011 (Bourguignon et al., , 2012 . The demonstration of similar coherence at the M1 hand areas, but now with reference to observed hand movements of another person, further supports the involvement of the M1 cortex in a time-sensitive encoding of the kinematics of both action execution and observation.
We did not have surface electromyographic (EMG) recordings from our subjects, but the experimenter, always present with the subject in the shielded room, did not notice any rhythmic movements in the subjects' hands or upper limb and thus, contamination of the coherence by the subject's own movements seems highly unlikely. Fig. 2 . Left: spatial distribution of group-averaged sensor level coherence spectra. The sensor array is viewed from the top. Only planar gradiometers, nearsighted to currents underneath the sensors, are displayed. Coherence was maximal at posterior MEG sensors and smaller at rolandic MEG sensors (right > left sensors), with a visible spatial (the amplitude of the F0 coherence spectra over the enlarged sensor and its direct neighbors is higher than over adjacent posterior sensors) and spectral-shape (absence or decreased coherence peak at F1 over the rolandic sensors compared to posterior sensors) demarcation from posterior MEG sensors. Right, top: group-averaged acceleration power spectrum. Right, middle and bottom: Enlarged planar gradiometer coherence spectrum selected in posterior and rolandic areas. For both coherence and accelerometer spectra, the abscissa is the frequency normalized by F0 coherence frequency. L = left.
Previous MEG studies have shown significant suppression of the M1 cortex mu rhythm before and during both action execution and observation, the latter being interpreted as to favor M1 activation during action observation (Caetano et al., 2007; Hari et al., 1998; Kilner et al., 2009) . Another interpretation would be M1 modulation, without any further functional significance, by the connections from the inferior frontal cortex, the human homologue of the monkey F5 area (Hari and Kujala, 2009; Longcamp et al., 2006) . We did not find any significant coherence anywhere in the ventral premotor cortex, making it unlikely that the inferior frontal cortex would modulate M1 downstream in a time-locked manner. Moreover, as single-unit activity in the M1 cortex of monkeys is similar during observation and execution of the same motor task (Dushanova and Donoghue, 2010; Tkach et al., 2007) , these data altogether suggest that M1 cortex is functionally active during both action execution and observation. Finally, the observed M1 coherence might reflect field spread from visual areas but this hypothesis seems unlikely since it appeared as clear local maxima in both M1 cortices, whereas a field spread should be monotonously decreasing as a function of distance.
Coherence in the cerebellum
Significant local coherence maxima clearly separated from the coherent visual areas were also found in the vermis (lobule VII) as well as in the cerebellar hemispheres (lobule VI and Crus I), in line with increasing experimental evidence about the involvement of the human cerebellum in the processing of observed body motion (Calvo-Merino et al., 2006; Gazzola and Keysers, 2009; Handel et al., 2009; Nawrot and Rizzo, 1998; Sokolov et al., 2012) . Some functional neuroimaging data comparing action observation and execution indeed suggest that the cerebellum is part of the AON (Calvo-Merino et al., 2006; Gazzola and Keysers, 2009; Keysers and Gazzola, 2010) . The present study highlights the contribution of the cerebellum for the time-sensitive processing of action observation kinematics. Nevertheless, since we did not have a control condition with non-biological visual movement, we cannot rule out the possibility that the cerebellar coherence would have been related to motion perception in general rather than to hand movement observation. Still, several cerebellar areas are specifically sensitive to biological motion compared with scrambled motion (Grossman et al., 2000; Sokolov et al., 2010 Sokolov et al., , 2012 Vaina et al., 2001) . Those regions notably involve the lateral cerebellar lobules Crus I (particularly on the left) (Sokolov et al., 2012) as found in this study, and areas close to the midline (Grossman et al., 2000; Vaina et al., 2001) , some of them having coordinates that are close to those found in this study (Vaina et al., 2001) .
Some cerebellar signals have already been picked up with MEG in association with somatosensory stimulation (Stancak et al., 2011; Karhu, 1997, 2000) , saccades (Ioannides et al., 2005; Jousmäki et al., 1996) , manual movements (Gross et al., 2002; Jerbi et al., 2007; Pollok et al., 2005) and in some pathological conditions (tremor, epileptic activity) (Mohamed et al., 2011; Pollok et al., 2004 Pollok et al., , 2009 . Postsynaptic currents in Purkinje cells of turtle cerebellum generate detectable magnetic fields (Okada et al., 1987) , although the dense convolution of the cerebellar cortex likely results in a high degree of cancelation of opposite currents.
Coherence in visual areas
Prominent coherence between the observer's MEG signals and the kinematics of observed hand movements was found in extrastriate visual areas covering both the dorsal and posterior ventral visual streams. This expected finding is in line with previous studies showing that several visual areas react to moving stimuli (Braddick et al., 2001; Fattori et al., 2009; Grill-Spector and Malach, 2004; Sunaert et al., 1999) . In addition, neurophysiological evidence suggests that the dorsal and posterior ventral streams interact to accomplish object identification (Matheson and McMullen, 2010; Schoenfeld et al., 2003) .
Interestingly, we did not find any significant coherence in the superior temporal sulcus (STS), a pivotal region involved in biological movement processing (for reviews, see Allison et al., 2000; Hari and Kujala, 2009; Kilner, 2011) , and in key nodes of the AON, the ventral frontal, the inferior parietal regions and the superior temporal sulcus (STS). So, our movement task, repetitive non-goal-directed hand movements with high movement frequency, does not seem to elicit time-locked activation in these brain areas which therefore seem not to be involved in a time-sensitive manner in the low-level (kinematic or muscle) representation of observed motor actions (Grafton and Hamilton, 2007; . Further studies comparing executed and observed goal-directed hand movements are needed to clarify the involvement of the STS, ventral frontal, and inferior parietal regions in the kinematic representation of observed movements.
Connectivity between coherent areas
Increased connectivity during movement observation was found between 10 out of 15 pairs of brain areas identified in the coherence analysis. The lack of significantly increased coupling between some pairs of brain areas may reflect the low statistical power afforded by our small sample (n = 10); in fact, the connectivity approached statistical significance for a few non-significantly coupled pairs of local coherence maxima. The increased coupling during OBS would fit with increased communication between visual areas, cerebellum, and M1 cortices during action observation. Connection between these brain areas has been demonstrated in monkeys, cats, and rats, where the dorsal visual stream is connected to the cerebellum via 4 . Left, top: surface rendering of group-level coherence map at hand movement frequency (F0), thresholded at the statistically significant coherence level (brain viewed from back). The coronal slices on the right are thresholded more stringently to show clear local maxima in the visual cortex and cerebellum. Left, bottom: group-level coherence spectra at local cerebellar coherence maxima clearly separated from coherent visual areas (left lobule Crus II and right vermis lobule VII). Coherence was significant both at F0 and its first harmonic (F1). Right, top: surface rendering of group-level coherence map at F0 showing significant local coherence maxima at both M1 cortices (brain viewed from top). For visualization purposes, only voxels connected to each local M1 coherence maximum are displayed using an adaptive coherence scale. Thus the left M1 map does not show any coherence over the right M1 cortex, or vice versa, and neither of the M1 maps shows any occipital coherence. Right, bottom: group-level coherence spectra at significant M1 coherent local maxima. Coherence was statistically significant only at F0. For group-level coherence spectra, the abscissa is the frequency normalized by F0 coherence frequency. The coherence level (±2 SEM (light gray)) is shown for the observed condition (full line) and the rest condition (dashed line).
the pontine nuclei (Glickstein, 2000) that projects widely to the cerebellar cortex, including Crus I and II of the cerebellar hemispheres and lobule VII of the vermis (Glickstein, 2000) . Additionally, cortical cerebellar Purkinje cells in these regions project to cerebellar deep nuclei, which subsequently project to motor areas (including M1 cortex) via a relay in the thalamus (Glickstein, 2000) . These animal data highlight the key role of this cortico-cerebello-cortical loop for the visual guidance of movements, and it could represent one of the neuroanatomical substrates for the coherence observed in the visual, cerebellar, and M1 areas during movement observation.
Conclusion
We have shown non-invasively that neuronal activity within the M1 cortices and the cerebellum is modulated in a time-locked manner during observation of repetitive, non-goal-directed hand movements. The results support the time-sensitive involvement of the M1 cortex and cerebellum in the human AON. The applied CKC method opens new perspectives to investigate the AON in healthy subjects and in patients suffering from various brain disorders.
